Comparisons of 5s ribosomal ribonucleic acid (rRNA) nucleotide sequences were used for the phylogenetic characterization of a number of ''morphologically conspicuous" sulfide-oxidizing eubacteria and certain of their non-sulfide oxidizing counterparts. Nucleotide sequences were determined for 5s rRNAs isolated from Thiovulum sp., Beggiatoa alba B18LD, Thwthrix nivea JP2, strain 30 (a Thwthrix-like organism), Vitreoscilla beggiatoides B23SS, Vitreoscilla filiformis L1401-7, V . filiformis ATCC 15551, Vitreoscilla stercoraria VT1, and Leptothrix discophora (Stokes). All 5s rRNAs characterized in this study, except that of Thiovulum sp., belong to either the gamma or beta subdivisions of the "purple bacteria," which form 1 of the 10 major eubacterial divisions so far defined by 16s rRNA oligonucleotide catalog analysis. Although its 5s rRNA is clearly eubacterial in character, Thiovulum sp. appears to have no specific relatives among the eubacteria presently represented in the 5s rRNA data collection.
tions], subgroup, cluster, genus, species, and strain.) However, some known eubacteria do not fall into any of these phylogenetic divisions. The largest of the defined divisions, which contains the majority of familiar, gram-negative bacteria, has been called by Woese the "purple bacteria and relatives" to reflect its inferred photosynthetic ancestry (40-43). As first revealed by comparative 16s rRNA sequencing (9, 32), this assemblage encompasses a diverse collection of microorganisms, differing in many ranking taxonomic features (photosynthetic, chemoautotrophic, and heterotrophic metabolisms; gliding and flagellated motilities ; filaments and single cells; the presence and absence of sheaths), but sharing a gram-negative cell wall and a common ancestral root within the eubacteria. Analyses of 16s rRNA oligonucleotide catalog data have defined three distinct subdivisions of the purple bacteria, termed the alpha, beta, and gamma subdivisions (originally called groups I, 11, and 111, respectively) (39-43).
As a complement to 16s rRNA analysis, comparisons of complete 5s rRNA sequences have proven useful for the rapid assessment of phylogenetic relationships within the various eubacterial phyla. For instance, 5s rRNA sequence comparisons have been used to assign a number of thiobacilli (18) and symbiotic sulfide-oxidizers (33) to specific subdivisions of the purple bacteria. In the present study, members of the genera Beggiatoa, Thiothrix, and Thiovulum are characterized by 5s rRNA nucleotide sequencing. Representatives of the related genera Leptothrix and Vitreoscilla are also included. Vitreoscilla stercoraria and a Beggiatoa sp. previously had been characterized by 16s rRNA oligonucleotide catalog analysis (42); these results are related to the present 5s rRNA findings.
MATERIALS AND METHODS
Cultivation and isolation of organisms. The organisms used in this study are listed in Table 1 . Their cultivation was as described by Strohl et al. (36) .
Thiovulum enrichment. The enrichment culture of the Thiovulum sp. was developed as previously described (38). IP Thiovulum veils were harvested repeatedly over several days. After each harvest, the cell suspension was largely freed from comtaminating microorganisms by repeated concentration on an 8-pm-pore Nucleopore filter. The essential purity of the suspension was confirmed by epifluorescent microscopy and by recovery of only one species of 5s rRNA. Most cells observed in the enrichment were approx-imately 9 to 10 pm in diameter, possibly corresponding to Thiovulum minus (19, 38) . Isolation and sequencing of 5s rRNAs. Total RNA was isolated from cells by phenol-sodium dodecyl sulfate (SDS) extraction and then fractionated on 10% polyacrylamide slab gels. The various RNA species were visualized by ultraviolet shadowing (ll), and the portion of the gel containing the 5s
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CGCCUGACGACCACAGCGACUGUGAACCACCCGACCCCAUCUCGAAC V i t r e o s c i l l a stercoraria VT i
FIG. 2. 5s
rRNA phylogeny of the beta and gamma subdivisions. The illustrated phylogenetic relationships were inferred using weighted 5s rRNA sequence homologies as described in the text. 5s rRNA sequences not given in Fig. 1 are available elsewhere (6, 18, 33) . The tree shown has been abstracted from a larger tree which included additional gamma division representatives. Based on relative distances from the various sequences, the root of this tree lies within the dotted segments; the beta and gamma subdivisions are below and above the root, respectively. The scale bar represents an evolutionary distance of 0.1 fixed mutation per sequence position.
rRNA was excised. The 5s rRNA was eluted by soaking in 0.5 M NH40Ac-10 mM MgC12-1.0 mM EDTA-0.1% SDS, recovered as an ethanol precipitate, and labeled at one or the other of its termini with 32P for nucleotide sequence determinations. The 5' termini were labeled following dephosphorylation with bacterial alkaline phosphatase plus polynucleotide kinase and [Y-~~PIATP; the 3' termini were labeled with RNA ligase and [5'-32P]pCp. The end-labeled 5s r RNAs were repurified on high-resolution polyacrylamide gels (sequencing gels) to resolve molecules with end-length variation. All 5s rRNAs were sequenced from both termini, using chemical and enzymatic partial digestion procedures (3, 28). Terminal nucleotides were determined by thin-layer chromatography or high-voltage paper electrophoresis of exhaustive nuclease P1 digestion (5' end labeled) and complete alkaline hydrolysis (3' end labeled) products (33) . The derived sequences and alignments are shown in Fig. 1 .
Phylogenetic analyses. The phylogeny of the bacteria shown in Fig. 2 was deduced by a distance matrix method ( 5 , 8). Briefly, the sequences are first aligned, as in Fig. 1 , so that evolutionarily homologous sequence positions are brought into correspondence. For each pair of sequences, the evolutionary distance (average number of nucleotide substitutions per sequence position) was estimated as -3/4 ln(1 -4L/3), were L is the observed fractional sequence difference (14). This treatment partially corrects the observed number of sequence differences for multiple and back mutations (14). Regions of terminal length variation (positions 1 to 3 and 121 to 123 [ Fig. 11 ) and ambiguous sequence alignment (positions 87 to 93 [ Fig. 11 ) were omitted from sequence comparisons (25) . Phylogenetic calculations were performed both with the "unweighted" homology data just described, and also with data "weighted" as follows. Regions of conserved base pairing which, in essence, represent only one (rather than two) independently varying positions per base pair were given half the weight assigned to unpaired positions. In general, we find that using this positional weighting with 5s rRNA sequence data improves the internal consistency of the data without appreciably affecting the pattern (topology) of inferred relationships.
For phylogenetic tree construction, these evolutionary distance estimates (weighted or unweighted) are fit to an initial (assumed) branching order, the optimal segment lengths are determined, and then the goodness of fit of this topology to the input evolutionary distance estimates is calculated. We define the error of the tree as the sum of the On: Fri, 28 Dec 2018 09:24:46 VOL. 37. 1987 PHYLOGENY OF SULFIDE-OXIDIZING BACTERIA 119 squares of the differences between the pairwise evolutionary distance estimates and the corresponding tree reconstructions of those distances (i.e., the sums of the tree branches which connect the pairs of organisms), with each difference being weighted by its corresponding statistical uncertainty. The uncertainty (i.e., the expected counting error due to finite sequence length) associated with the evolutionary distance estimates (as defined above) has been calculated by Kimura and Ohta (15) . Given an initial tree topology (branching order) and a measure of its goodness of fit to the input homology data, an optimal topology is sought. There is as yet no known process which is guaranteed to find the best branching order of a large phylogenetic tree in a practical amount of computational time. Therefore, methods are employed which look for better branching orders by systematically testing a tractable number of alternatives to the current best-known branching order. We use a computer program which examines all rearrangements of a tree which can be achieved either by moving any single group of organisms (subtree) to every alternative location in the tree or by interchanging any pair of groups (subtrees). This optimization program examines all of the above rearrangements and then takes the best of the examined alternatives as the starting point for another cycle of searching for better branching orders (G. J. Olsen, Ph.D. thesis, University of Colorado Health Sciences Center, Denver, 1983). When a cycle of optimization fails to find a better tree (i.e., a branching order with a lower error than the starting tree), then the program is assumed to have found the best tree.
During optimization of the tree shown in Fig. 2 , approximately 4,000 alternative topologies were inspected during each cycle. Some 30,000 topologies were inspected overall. In addition to testing alternative topologies of the illustrated tree, other trees of slightly different organism composition were also tested to ensure that the final, optimized topology was "robust" with respect to any potential organismspecific (i.e., sequence-specific artifacts. These operations were performed on a Digital Equipment Corporation VAX-11/780 computer.
RESULTS
Overview. The 5s rRNA nucleotide sequences derived in this study and the alignments used for phylogenetic analysis are given in Fig. 1 . The relationships inferred from comparisons of these sequences and others available (6) are presented as a phylogenetic tree shown in Fig. 2 . The morphologically conspicuous sulfur-oxidizing bacteria characterized in this study, with the exception of Thiovulum sp., fall into two of the subdivisions of the purple bacteria. Thiothrix nivea, Beggiatoa alba, and the non-sulfur organism Vitreoscilla beggiatoides are associated with the gamma subdivision, whose representatives in Fig. 2 include Escherichia coli, Photobacterium phosphoreum, Pseudomonas aeruginosa, Thiomicrospira sp. strain L-12, and certain thiobacilli. Leptothrix discophora, Vitreoscilla Jiliformis, and Vitreoscilla stercoraria are assigned to the beta subdivision, which also includes a number of thiobacilli (18, 43) as well as bacteria such a s Rhodocyclus (formerly Rhodopseudomonas) gelatinosa (13) and Pseudomonas cepacia. The nature and implications of these inferred relationships are discussed below.
Beggiatoa and Vitreoscilla spp. The Beggiatoa species characterized by 5s rRNA sequencing (B. alba B18LD) and its closest identified relative, V . beggiatoides, are the type species of their respective genera. Together they define an early, and possibly peripheral, branch of the gamma subdivision of the purple bacteria. In contast, V . Jiliformis and V . stercoraria fall within the beta subdivision. The strain of V . stercoraria characterized by 16s cataloging also has been assigned to the beta subdivision (41; also see below). Thus, the genus Vitreoscilla, as presently constituted, does not represent a phylogenetically coherent unit; it spans at least two of the major subdivisions of the purple bacteria.
Thiothrix and Leptothrix spp. The Thiothrix-like strain 30 differs from T. nivea JP2 by the inability of the former strain to form rosettes. It may also be devoid of holdfast material (W. R. Strohl, personal communication). However, the two strains have identical 5s rRNA nucleotide sequences and are members of the gamma subdivision. More specifically, they appear, by 5s homology, to be loosely affiliated with the fluorescent pseudomonads (represented by P. fluorescens and P. aeruginosa in Fig. 2) . The closest identified relative of T. nivea is the sulfide-oxidizing, procaryotic symbiont of the marine bivalve Solemya velum. L . discophora falls, by 5s analysis, into the beta subdivision of purple bacteria and is, therefore, as distantly related to Thiothrix spp. as V . filiformis and V . stercoraria are to V . beggiatoides.
Thiovulum sp. The final 5s rRNA sequence presented here is that of a Thiovulum sp. Although this organism has yet to be grown axenically, studies of highly enriched Thiovulum cultures are consistent with a chemoautotrophic character (38). The Thiovulum 5s rRNA is typically eubacterial(2), but it is not specifically related to any other sequence in our reference collection. It has uniformly low sequence homologies (average, 57%) with all other eubacterial 5s rRNAs represented in the collection (64% to members of the Spirochaetaceae, including representatives of the genera Borrellia, Treponema, and Spirochaeta [data not shown]). These homology levels are similar to those separating the major eubacterial phyla. However, the definition of a new eubacterial phylum on this basis would be premature. The relatively small 5s rRNA molecule is not a particularly reliable "chronometer" at these low homology levels. A preliminary analysis of recently obtained, partial 16s rRNA nucleotide sequence information from this organism suggests that Thiovulum sp. may be loosely affiliated with the purple bacteria, although not with any of the three subdivisions so far defined (data not shown).
DISCUSSION
Beta subdivision. The beta subdivision presents a striking variety of phenotypic features which belies the closeness of the evolutionary relationships of the organisms included. L . discophora is a sheathed bacterium that deposits iron hydroxide extracellularly and effects the biological oxidation of manganese; R. gelatinosa is photosynthetic; and P. cepacia is an archetypal heterotroph. The filaments of Vitreoscilla spp. are motile by gliding, while other bacteria of the beta subdivision (e.g., R . gelatinosa) are unicellular and motile by flagella. By 16s rRNA cluster analysis, two subgroups (in the nomenclature of Woese et al. [40] ) within the beta subdivision have been defined (43): the beta-1 subgroup is represented in Fig. 2 by R. gelatinosa, and the beta-2 subgroup is represented by P. cepacia. However, the beta subdivision is not well represented in the 5s rRNA sequence collection, so closer scrutiny of the concordance between the beta subgroup topologies inferred by using these two molecules is not possible.
By 5s rRNA analysis, L . discophora would appear to belong to the beta-2 subgroup, although its location in the tree (very near the point of divergence between the beta-1 and beta-2 subgroups) makes the assignment of such a :specific affiliation uncertain. Sphaerotilus natans, an orgainism that, like Leptothrix spp., deposits oxidized salts of imanganese extracellularly, is by 16s rRNA analysis a close irelative of R . gelatinosa (43) . The V. Jiliformis strains (ATCC 15551 and L1401-7) also exhibit a clear affiliation \with R . gelatinosa, and therefore the beta-1 subgroup. No 16s rRNA data are presently available for these organisms (( Table 1 ). V. stercoraria is represented in both the 5s and 16s rRNA sequence collections (Table 1) . 16s rRNA analy-!sis places it as a deep but specific associate of the beta-2 (P. cepacia) subgroup (43). The 5s data do not permit such a !specific assignment. Rather, as shown in Fig. 2, V . stercoraria VT1 would appear to be a deeper branching of the subdivision than the beta-1 and beta-2 subgroups. This could be a reflection of strain differences between the two V. stercoraria cultures inspected or of the limited precision of phylogenies inferred from 5s rRNA sequences, A peripheral ;association of V. stercoraria with either the beta-1 or beta-2 :subgroups cannot be excluded on the basis of the 5s rRNA 'sequences. Gamma subdivision. The diversity in morphology and imetabolism characteristic of the purple bacteria is evident as .well in the gamma subdivision. This diversity is further (extended by the present inclusion of members of the genera Beggiatoa, Thiothrix, and Vitreoscilla. Three major subgroups of the gamma subdivision have been defined by 16s irRNA analysis (42) . Only the gamma-3 subgroup is significantly represented in the 5s rRNA sequence collection (Fig.  '2) . By 16s rRNA comparisons, the gamma-3 subgroup is seen to contain a number of moderately distinct clusters I(e.g., the enterics and vibrios, the oceanospirilla, and the thorescent pseudomonads). Most of these clusters are also evident by 5s rRNA analysis, although the precise branching orders linking the various clusters are difficult to assign.
Members of the genus thiothrix are ensheathed, filamentous organisms that produce gliding gonidia as part of their life cycle. All strains so far examined accumulate sulfur .when grown on organic carbon in the presence of sulfide or thiosulfate. Some are probably mixotrophic, requiring reduced inorganic sulfur for growth, whereas others will grow lheterotrophically (37) . The capacity for autotrophic carbon fixation has not been studied in sulfide-oxygen gradients such as those which are necessary for the autotrophic igrowth of a marine Beggiatoa strain (24) . T. nivea JP2 and Thiothrix-like strain 30 are peripherally affiliated with the fluorescent pseudomonad cluster. As noted above, the closest identified relative of the thiothrix sp. is the bacterial endosymbiont of Solemya velum, one of a number of recently discovered "gutless" marine invertebrates whose lbacterial symbionts effectively confer sulfur-based chemoautotrophy on their hosts. Although the physiology of these symbionts cannot as yet be studied in cultures, key enzymes of sulfur-based autotrophy can be detected in inaturally available material (7).
Beggiatoa spp. are taxonomically distinguished from Vitreoscilla spp. by their ability to accumulate sulfur when grown in the presence of sulfide. Only recently has detailed physiological characterization of any Beggiatoa sp. been possible (21) ; all strains available in pure cultures are capable of heterotrophic growth. Apparent mixotrophic growth of the B18LD strain has been reported (lo), and facultative chemoautotrophy has been demonstrated for one marine isolate (24) . The placement of B. alba near the base of the gamma subdivision is qualitatively similar to the placement of another Beggiatoa sp. by 16s rRNA oligonucleotide signature analysis (42) . However, this does not necessarily indicate that these two Beggiatoa species are specific relatives of one another. V. beggiatoides is specifically, but distantly, related to B. alba. For comparison, the evolutionary distance separating B. alba and V. beggiatoides is greater than that separating Escherichia coli from Proteus vulgaris. Therefore, differences between B . alba and V . beggiatoides likely are more profound than loss of sulfuroxidative capacity by the latter organism.
Gliding and flagellar motility. Notable in the present study are close evolutionary ties between certain filamentious gliding organisms (V. Jiliformis and V . stercoraria) and those motile by polar flagella (e.g., R . gelatinosa). Other gliding organisms, such as the cytophagas and cyanobacteria, fall well outside the purple bacteria by comparisons of 16s rRNA catalogs (39) . Thus, as with nutritional themes, modes of motility also fail to define exclusive phylogenetic groupings. However, the close evolutionary relationships observed between flagellated and gliding bacteria may indicate that one mode of motility can readily be derived from the other, supporting previous suggestions of a common, underlying mechanism (27) .
Phylogenetic placement of Beggiatoa spp. The present study addresses the long-standing controversy over the suggested relationships of some of the morphologically conspicuous bacteria to the cyanobacteria. Close morphological similarities between certain oscillatorian cyanobacteria and the beggiatoas have often been cited as indicating evolutionary relatedness, the beggiatoas sometimes referred to as apochlorotic derivatives of the former (29, 31, 35) . Less persuasive analogies between Thiothrix spp. and cyanobacteria of the Rivulariaceae have also been raised (30) . Other authors have pointed out that these morphological similarities more likely are superficial and not indicative of close evolutionary relationships (21) . 16s rRNA sequence comparisons have shown that the cyanobacteria are a cohesive, natural assemblage, distinct from the purple bacteria (32, 39) . The two Thiothrix strains, the Beggiatoa type species (B. alba BlSLD), and the Beggiatoa strain characterized by 16s rRNA cataloging are specifically related to the purple bacteria, not to the cyanobacteria. 5s rRNA in contrast to 16s rRNA as a phylogenetic tool. As components of the translation apparatus, the 5s and 16s rRNAs presumably are subject to similar evolutionary pressures. Indeed, phylogenetic trees constructed by using 5s or 16s rRNA sequences are generally in good agreement (12, 18, 33, 34) , as are relative levels of "similarity" between 5s rRNA sequences and 16s rRNA oligonucleotide catalogs (26) . Past usage of 5s or 16s rRNA for establishing phylogenetic relationships has largely been dictated by the relative convenience of obtaining their sequences. Until recently, oligonucleotide cataloging, a relatively cumbersome and expensive process, provided the only access to 16s rRNA sequences (9). In comparison, 5s rRNA can be sequenced relatively easily, but the small size of that molecule, about 120 nucleotides, compromises the precision with which relationships between organisms can be established. This is because the statistical uncertainty in sequence homologies is dependent upon the number of residues employed. Thus, while 5s rRNA is useful for the assignment of organisms to broad phylogenetic domains, for instance the alpha, beta, and gamma subdivisions of the purple bacteria, finer relationships often are difficult to resolve (see, for example, the above discussion regarding L . discophora). Sequence comparisons of 16s rRNA, because of the larger On: Fri, 28 Dec 2018 09:24:46 VOL. 37, 1987 PHYLOGENY OF SULFIDE-OXIDIZING BACTERIA 121 molecular size (>1,000 nucleotides), yield more accurate relationships than those of 5s rRNA. This consideration, together with recent developments in rapid rRNA sequencing techniques (17) , mean that future analyses likely will emphasize the larger rRNAs, the 16s and 23s rRNAs. Nonetheless, the accumulated 5s rRNA sequence data base, as used here, will remain a valuable reference for outlining phylogenetic diversity.
